Environmental context. Deforestation in Western Australia beginning in the mid-19th century led to a considerable change of the land surface, and Western Australia is now suffering more often from droughts. Particle formation induced by salt lakes has been identified as a potential control factor for changed precipitation patterns. This study aims to determine key factors involved in the particle formation process by simulating a simplified salt lake in an aerosol chamber in the laboratory.
Introduction
Secondary aerosol formation from gaseous precursors is not completely understood because of the complex interplay of a vast number of chemical reactions, potential precursors and gas-particle partitioning. [1, 2] Within the last years, a research focus has been placed on secondary organic aerosol (SOA) formation. In several field experiments, it has been shown that SOA contributes to a major fraction of the aerosol mass in the free troposphere. Contrary to global chemistry transport models predicting organic aerosol formation in the free troposphere, [3] and forecasting an increasing fraction of SOA from oxidation of monoterpenes in the future, [4] the experimentally measured SOA mass was typically one to two orders of magnitude larger than the modelled SOA mass. [5] On a global scale, SOA released from anthropogenic sources plays a minor role. [6] Not considering methane, biogenic volatile organic compounds (VOC) emissions are estimated to range from 491 to 1150 Tg carbon per year, exceeding the emissions from anthropogenic sources by up to an order of magnitude. [7] The VOC emissions from trees alone exceed the level from manmade sources by a factor of 6.2, [8] and are therefore a crucial source for organic aerosol precursors. Several studies have identified SOA coming from VOCs emitted by conifer forests. [9] [10] [11] [12] [13] Also, the emission from eucalyptus trees is the topic of some studies. [6, [14] [15] [16] To evoke new particle formation, the reactive VOCs are oxidised primarily by ozone, OH and NO 3 radicals. [14] Some studies have also investigated halogeninduced SOA formation. [17] [18] [19] Important sources for reactive halogen species (RHS) are halogen release from sea-salt aerosols (e.g. Finlayson-Pitts [20] ), heterogeneous reactions on aerosol surfaces [20] and salt lakes. [21, 22] Saline soils and salt lakes will become even more important terrestrial sources for atmospheric chlorine and other halogens with the increase in human-caused salinisation. [23] Thus, in regions with high concentrations of RHS and VOC, the halogen-induced formation of SOA may contribute considerably to particle concentrations. However, the relative contribution of halogen-induced SOA formation has not been quantified in the natural environment.
The aqueous phase has been established as an additional source for SOA over the past decade. [24] [25] [26] [27] For example, the oxidation of organic compounds is catalysed by Fe II as well as hydrogen peroxide (H 2 O 2 ) in the so-called Fenton reaction, first described by Fenton [28] on the basis of the oxidation of tartaric acid in the presence of H 2 O 2 and a low concentration of a ferrous salt. High levels of solar radiation, which is important for a constant supply of H 2 O 2 in surface waters and topsoils, [29] is typical for Western Australia. Indeed, both H 2 O 2 as well as Fe II were found in Australian salt-lake water samples. [30] The Fenton reaction can contribute to the production of OH radicals, [31] even though the importance of OH production by this pathway is still controversial. [32] Aqueous-phase chemistry may also slow down or inhibit atmospheric SOA formation if oxidation in the aqueous phase leads to non-volatile products that cannot escape to the atmosphere. Here, simulation experiments of new particle formation above a salt lake model were conducted in a 700-L aerosol chamber in order to investigate aerosol formation processes in salt lake environments.
Measurements and methods

Aerosol chamber setup
The main experiments were conducted in a 700-L aerosol chamber. A detailed description of this chamber can be found in Ofner et al. [33] In this glass chamber, experiments can be performed under close-to-ambient light conditions using a solar simulator. [19] Contamination of the chamber is prevented by a constant flow of particle-free zero air during the experiments, generating a slight excess pressure inside the chamber. Also, the chamber was flushed with zero air between the experiments.
The general chamber set-up consists of a cylindrical 700-L Duran glass body closed with Teflon film at the top and bottom, transparent to radiation coming from the solar simulator at the bottom. [33] This set-up was supplemented with a custom-made structure to position the simulated salt lake inside the chamber (Fig. 1) . A stainless-steel rod was fixed between two opposite glass ports to support the three-point mounting of a transparent Teflon bowl inside the chamber. This structure was built in order to avoid contamination of the chamber bottom made of Teflon film, and to increase the distance between the salt lake mixture and the solar simulator. Consequently, warming and potential vaporisation of the salt lake mixture due to the solar simulator is reduced. The salt lake mixture was injected into the Teflon bowl in the chamber through a separating funnel outside the chamber and Teflon tubing fed through a glass port of the chamber (Fig. 1) . This allowed the introduction of the salt lake mixture and sampling from it without contaminating the chamber with ambient air. Placed on a transparent Teflon film, the simulated salt lake mixture was irradiated from below by the solar simulator, creating irradiation conditions comparable with those above Australian salt lakes after sunrise.
Instrumentation
The aerosol particle number size distribution inside the chamber was measured with a custom-built scanning mobility particle sizer (SMPS) (Tropos, Leipzig, Germany) following the design recommended by Wiedensohler et al. [34] After achieving bipolar charge equilibrium, the aerosol population was size-segregated in a differential mobility analyser (DMA), and the particles were detected with a condensation particle counter (CPC Model 3772, TSI Inc., Shoreview, MN, USA). With a time resolution of 5 min, a full scan of the size distribution was measured in the mobility diameter range from particle diameter (Dp) ¼ 10 to 772 nm in 71 bins or from Dp ¼ 8 to 325 in 68 bins. In order to determine the onset of new particle formation with a better time resolution, and for comparison with the SMPS measurements, total particle number concentrations were measured with an additional condensation particle counter (CPC Model 5.400, Grimm Aerosol Technik, Ainring, Germany).
For subsequent chemical analysis, aerosol particles were collected on aluminium foils with a Sioutas impactor (SKC; Eighty Four, PA, USA) for 60 min at the end of the experiments. The flow rate was set to 9 L min À1 in order to sample the four separate stages of the impactor in the aerodynamic diameter range from 250 nm to 10 mm. In addition, aerosol samples were collected on quartz-fibre filters (Whatman QMA, 25 mm, GE Healthcare, Little Chalfont, UK) with a stainless-steel inline filter holder at a flow rate of 9 L min À1 for 80 min. The impactor samples were analysed by Raman microscopy and scanning electron microscopy with energy-dispersive X-ray spectroscopy (SEM-EDX). EDX of single aerosol particles was done using an Octane Pro Silicon Drift (SDD) EDX detector from AMETEK, coupled to the FEI Quanta 200 scanning electron microscope (FEI Europe, Eindhoven, Netherlands). Raman spectra of single aerosol particles were obtained using a Horiba LabRam 800 HR Raman microscope (Horiba, Bensheim, Germany) at an excitation wavelength of 532 nm with a 300-lines mm À1 grating at an initial laser power of 10 % (,5 mW). By combining Raman spectroscopy and EDX, a detailed characterisation of the collected aerosol particles with respect to elemental composition and vibrational behaviour of the aerosol sample was obtained. [35] In addition, the quartz-fibre filters were analysed by ultrahigh-resolution mass spectrometry. The SolariX Fourier-transform ion cyclotron resonance mass spectrometer (FT-ICR/MS; Bruker, Bremen, Germany) was operated with a 12-T superconducting magnet and an Apollo II electrospray source in negative mode. [36] Because there were high salt concentrations in the sample, chlorine adducts [37] and organohalogens could not be clearly distinguished if the SOA sample was dissolved in methanol and directly injected into the ultrahigh-resolution mass spectrometer. Additionally, high saltcluster concentrations would suppress some signals resulting from CHNOS compounds in the spectra. Therefore, the samples were desalted before analysis by extracting the filters with water and enriching the organic matter by solid phase extraction (SPE) using using BAKERBOND spe Octadecyl (C18) Disposable Extraction Columns (Avantor, Center Valley, PA, USA). [38] A blank SPE extract of a non-loaded filter was also analysed by FT-ICR/MS and did not show significant contamination from the filter material.
Ozone mixing ratios were measured during all chamber experiments using a photometric O 3 analyser (Model 49i, Thermo Scientific, Franklin, MA, USA) with a lower detection limit of 1 ppb.
Simulated salt lake
A simplified salt lake mixture was prepared based on the chemical composition of various Australian salt lake samples determined in 2011 ). In addition to the inorganic mixture, commercial eucalyptus oil (Primavera, Oy-Mittelberg, Germany) distilled from leaves and boughs of Portuguese Eucalyptus globulus trees was used as the organic model compound. The oil is a mixture of 85 % 1,8-cineol and 15 % limonene corresponding to the typical emission of Eucalyptus globulus. Owing to its moderate solubility, it was expected that the oil would be volatilised from the salt lake mixture in the course of the experiment, providing the gaseous organic precursor for SOA formation.
Experimental design
Three different series of chamber experiments were conducted studying the influence of light and the presence of an organic precursor (series A), the presence of Fe II At first, the salt lake mixture was studied under dark and light conditions with and without the organic precursor to validate the role of light and the organic precursor in particle formation ( 4 . The pH of the salt lake mixture was typically adjusted to a value of 2.5 using HCl after analysing the natural pH of several salt lakes in Western Australia (T. Krause, unpubl. data). In 11 samples of natural salt lakes taken in 2013, the pH varied from 2.5 to 7.1. Particle formation was strongest at lakes in the pH range 2-4, with a maximum particle number concentration of N max ¼ 2.50 Â 10 5 cm À3 measured at Lake Dune with a daily average pH of 2.9. Four lakes were analysed in detail, showing that the pH is not constant over the course of the day but fluctuates slightly. No clear trend can be observed in the field data, but the pH values seem to influence particle formation above the salt lakes. In most cases, new particle formation (NPF) started directly after a drop in the pH. For example, at Lake Boats, the pH was between 2.7 and 2.9, and NPF started on two occasions when the pH fell below 2.85. Therefore, a pH of 2.5 was chosen for the model lake in our simulation experiments in the laboratory in order to provide pH conditions favourable for NPF. However, when a mixture of FeCl 3 and FeSO 4 was used (Table 1 , B3-4), the pH was set to 3.0 and 3.1.
Results and discussion
Influence of experimental conditions on particle formation
As a first experiment, a pure salt mixture without the organic precursor was injected into the dark chamber (Table 1, A1) . Under these conditions, particle formation, i.e. an increase of particle concentrations or particle growth, was not observed in the particle number size distributions. After 80 min, the solar simulator was switched on. Similarly, under daylight conditions, particle formation was not observed, and the particle concentration remained below 100 cm À3 (cf. Fig. 2a ). This 'blank' experiment shows that the salt mixture of NaBr, NaCl, Na 2 SO 4 and Fe II SO 4 does not induce NPF in the aerosol chamber. Additionally, this experiment indicates that neither the aerosol chamber itself nor the chamber top or bottom made of Teflon film produce a significant number of particles under the influence of radiation.
In a second experiment (Table 1 , A2), the organic precursor was added to the salt lake mixture. In order to evaluate the importance of light and photochemical reactions for particle formation in acidic, salty environments, the salt lake mixture remained in darkness for a time (,30 min). During this time, no particle formation was observed, even though the salt lake mixture including 1,8-cineol and limonene was present in the chamber. This state is comparable with an Australian salt lake before sunrise, where NPF was not observed in the dark (K.A. Kamilli, unpubl. data). After switching on the solar simulator and initiating photochemistry in our experiments, particle formation started within 5 min, reaching a maximum particle number concentration of 2.51 Â 10 5 cm À3 (Fig. 2b ). This confirms that both the organic precursor and light are essential for NPF in our experiments. No particles were formed in the illuminated chamber with only the salt mixture present (Fig. 2a) , and no particles were formed under dark conditions.
During the experiments, the initial pH of 2.5 decreased continuously. On the one hand, this indicates that the pH of the simulated salt lakes changed owing to aqueous phase chemistry. On the other hand, the pH values were not a key trigger of NPF in our simulation experiments, and NPF did not significantly change aqueous-phase chemistry. Also, contrary to the field measurements, H 2 O 2 was not found in the samples of the simulated lake. In Western Australia, H 2 O 2 was detected in the liquid layer of the salt lakes. However, in the field observations, it was striking that particle formation started at minimum H 2 O 2 concentrations, which leads to the conclusion that H 2 O 2 was typically consumed before particle formation.
Chamber experiments with mixtures of Fe II and Fe
III
In a second series of experiments (Table 1 , B1-B4), the experimental conditions concerning light, the concentration of the organic precursor and the concentrations of NaBr, NaCl and Na 2 SO 4 were held constant. Only the concentration of ironcontaining salts was varied to investigate the potential effect of iron in the aqueous phase on particle formation. In order to investigate the effect of varying concentrations of Fe II and Fe III on particle formation, experiments B1-B4 were compared with respect to N max , the time after switching on the solar simulator when N max was reached, the maximum geometric mean diameter (GMD), the maximum particle volume concentration (V max ), the time after switching on the solar simulator when V max was reached, and the particle growth rate (GR) within 45 min after NPF started. For comparability, the maximum GMD was computed in the diameter range from 10 to 325 nm within 1 h after switching on the solar simulator for all experiments.
First, the standard salt lake mixture with a concentration of 520 mg L À1 of the Fe II salt was used ( 
Time ( The standard salt lake mixture with added organic precursor did not start particle formation until the solar simulator was switched on. The dotted lines refer to the salt lake injection, the dashed lines denote the moment of switching on the lights and the black solid lines show the course of the total particle volume.
after switching on the light, and the particle population grew to GMDs .100 nm within 10 min. The maximum particle number concentration was 5.4 Â 10 4 cm À3 , and the maximum GMD was 183 nm. In a third experiment (Table 1, B3; Fig. 3c ), a mixture of Fe II and Fe III salts showed no particle formation coming from the salt lake with the original mixture. After 20 min without any particle formation, an extra 80 mL of eucalyptus oil was added to the liquid layer. After 5 min, particle formation started, but the maximum particle number concentration of 3.3 Â 10 3 cm À3 was quite low. Also, the particles grew to very large sizes outside the upper diameter limit of the measuring range. Reducing the concentrations of Fe II as well as Fe III to 50 % (Table 1, B4 ; Fig. 3d ) led to NPF without further addition of dissolved organic compounds. However, the delay between switching on the lights and the start of NPF was longer than in experiments B1 and B2. The maximum particle number concentration was 2.8 Â 10 3 cm
À3
, and the maximum GMD was 165 nm. Comparing the maximum particle number concentration and the maximum GMD of the four experiments B1 to B4, it is striking that in B1, the highest particle concentration was observed whereas the GMD was smallest. In experiment B2, the maximum particle number concentration was half of the value of experiment B1, but the GMD was the largest in this series. Even with the highest amount of organic precursor added to the experiment, the mixture of Fe II and Fe III in B3 led to a very low maximum particle number concentration of 3.3 Â 10 3 cm À3 . Even though the subsequent addition of an extra amount of the organic precursor led to spontaneous NPF and a fast, obvious growth, experiment B3 was excluded from further consideration because of the different starting conditions. Using only half the concentrations of the iron salts in experiment B4 led to the lowest maximum particle number concentration in this series, whereas the GMD was large.
The maximum GMD reached within 60 min of turning on the solar simulator is related to the total aerosol mass or volume formed from the precursor gas and the particle growth rate. Assuming a fixed initial particle number size distribution, a more rapid increase in particle volume leads to a higher growth rate and a large maximum GMD. However, if the concentration of large particles is already high at the beginning of the experiment, even high particle formation intensities will yield low particle growth rates. Therefore, in addition to particle number concentrations and GMD, the maximum particle volume concentration and particle growth rates will be compared in the following text. Particle volume concentrations were estimated from the measured particle number size distributions assuming spherical particles and the GMD of each size bin as the typical diameter of all particles in this size bin.
Experiment B1 with the highest Fe II concentration showed the lowest GR of 70 nm h À1 . The maximum particle volume concentration was reached 29 min after switching on the lights, with a value of 6 mm 3 cm À3 , which is quite low. Replacing Fe II with Fe III in the salt lake mixture resulted in clearly faster particle growth in experiment B2 and a high maximum particle volume concentration of 57 mm 3 cm À3 , which was already reached 10 min after starting the solar simulator. From this individual experiment, it remains unclear if excluding Fe II from the mixture, the presence of Fe III , or a combination of both have a promoting effect on particle formation and growth. Adding both Fe II and Fe III to the salt lake mixture in experiment B4 led to a high GR of 162 nm h À1 , and a low maximum particle volume concentration of 2.6 mm 3 cm À3 reached 55 min after switching on the solar simulator.
Apparently, even though the particle GR is quite high in experiment B4, the low maximum particle volume concentration reached late in the experiment indicates slow but constant In addition, at the end of the experiments, recrystallisation of salt inside the salt lake mixture was observed. In order to quantify this process, batch experiments studying Fe II and Fe III concentrations during the evolution of the salt lake were performed. Over time, Fe II concentrations clearly decreased in the solution. This suggests a Fenton-like reaction mechanism in the mixture of iron salts and organic compounds.
Effect of Fe II concentration on new particle formation
In order to study the potential effect of a Fenton-like reaction on NPF, the effect of the Fe II concentration in the simulated salt lake mixture on particle formation was studied in a third series of experiments ( , a hydroxyl anion and a highly reactive OH radical (Reaction 1). [29, [39] [40] [41] 
Organic matter is acting as the electron donor for the Fenton reaction in iron-rich environments. [42, 43] Hydroxyl in the liquid phase may also be produced photochemically from hydrogen peroxide. [44] Herrmann et al. [45] have estimated that the main source for aqueous OH radicals is the Fenton reaction. Under the assumption that Reaction R1 actually takes place in the simulated salt lake mixture, more Fe II would produce more OH radicals. Then, oxidation of the organic precursor and the formation of SOA would be facilitated. In the first experiment C1, the standard concentration of Fe II was used as a reference experiment (Fig. 4a) . In experiment C2, the Fe II concentration was increased by a factor of seven (Fig. 5b) , representing the highest Fe II concentration observed in natural salt lake samples of Western Australia in 2013. Owing to the fact that an increased concentration of Fe II did not lead to more abundant particle formation, a third experiment C3 excluding Fe II from the salt lake mixture was run for comparison (Fig. 4c) . Fig. 4 shows that particle formation was observed quickly after switching on the solar simulator in all three experiments. Apparently, the time delay between illumination and the onset of particle formation increases when more Fe II is added to the salt lake mixture. There is also a clear trend with respect to the maximum particle number concentration (cf. the standard Fe II concentration in C1, the maximum particle number concentration was 8.3 Â 10 4 cm À3 , whereas the maximum particle number concentration was much lower for increased Fe II concentrations in C2 (2.2 Â 10 4 cm À3 ), and higher without Fe II in C3 (1.9 Â 10 5 cm À3 ). This finding is consistent with recent work by Chu et al., [46] who observed reduced SOA formation in the aqueous phase with increased FeSO 4 concentrations. Ultrahigh-resolution mass spectrometry of aerosol samples also shows a loss of CHO oligomers (CH 2 homologous series) from iron-free experiment C3 to C1 and C2, and an increase of the chemical diversity in C1 and C2 with a maximum in experiment C1 (cf. Aerosol chemical composition section).
With respect to SOA formation, we have to consider oxidation of the organic precursor compounds 1,8-cineol and limonene both in the gas and in the aqueous phases. Owing to its moderate solubility in water, we assume that a certain fraction of the eucalyptus oil contained in the salt lake mixture will be released into the gas phase. In the gas phase, the OH radical is the main oxidant of 1,8-cineol, [47] and diaterebic acid acetate and diaterpenylic acid acetate have been found to contribute to particle formation as OH oxidation products of 1,8-cineol. [48] Limonene is readily oxidised by ozone and OH radicals, leading to a high aerosol yield. [49] The aqueous phase expands the possible reaction pathways for oxidation of organic compounds. For example, gas-phase ozonolysis of limonene yields watersoluble oligomers, which may be dissolved in the aqueous phase and undergo further oxidation. [50] Also, Fenton-like reactions (Reaction R1) are important aqueous-phase sources of OH radicals for further oxidation. Finally, oxidants other than ozone and OH may be produced in the aqueous phase. This includes the production of the sulfate radical (e.g. Herrmann [51] ):
leading to the potential production of organosulfates. [36, 52] Aqueous-phase ozone may also react with dissolved chloride to form reactive chlorine species like HOCl:
HOCl may further react with dissolved chloride to produce molecular chlorine, which is quickly released to the gas phase and, in the presence of light, photolysed yielding Cl radicals. Previous studies by Lim et al. [53] and Wittmer et al. [54] suggest that Fe III in NaCl solution promotes the release of chlorine from the aqueous phase. In our experiments, the presence of Fe II and organic compounds may lead to the production of OH and Fe III by the Fenton-like Reaction R1, subsequently facilitating the release of chlorine. HOCl also reacts with the organic precursor in the aqueous phase to form chlorinated organic matter (cf. Aerosol chemical composition section). Volatile organohalogens (VOX) may be released into the gas phase. By photolytic cleavage of the C-Cl bond, a free halogen radical and a free organic radical are formed. VOX production in the aqueous phase and release into the gas phase are therefore a source for atmospheric reactive halogen species, which could oxidise SOA precursors in the gas phase. [19] It should be noted that the potential oxidation of 1,8-cineol by chlorine radicals is not well quantified yet.
In our experiments C1-C3, when the solar simulator was switched on, illumination initiated the oxidation of VOCs and the simultaneous production of photochemical oxidants and ozone. [14] Ozone production was similar in all three experiments C1 to C3. Maximum ozone mixing ratios were reached ,5 min after illumination, ranging from 45 to 55 ppb (cf. Fig. 4) . The lowest ozone production was observed in experiment C3 without any Fe II in the simulated salt lake. In comparison with a-pinene and limonene, 1,8-cineol tends to produce higher ozone mixing ratios, as found in previous experiments comparing 1,8-cineol, a-pinene and limonene. The ozone mixing ratios observed in experiments with monoterpenes not carrying an oxygen atom were typically only 10 % of the ozone mixing ratios observed in experiments with 1,8-cineol. Ozone can either act as the primary oxidant of limonene, which is the minor constituent of the eucalyptus oil used in this study, or alternatively, under light conditions, ozone may produce OH radicals, which react with both limonene and 1,8-cineol.
In experiment C1 with the standard Fe II concentration, particle formation is observed (Fig. 4a) . Increasing the Fe II concentration in the salt lake mixture is expected to enhance the production of OH radicals from H 2 O 2 in the aqueous phase. Higher OH concentrations would suggest faster oxidation of the organic precursor compounds, and thus, an increased number and faster formation of particles compared with standard Fe II conditions. However, with elevated Fe II concentrations in experiment C2 (Fig. 4b) , the observed particle formation starts later and with lower intensity. One possible reason is the complexing of organic compounds by irradiated iron oxide. [40] Joshi et al. [55] found a moderate to good chelating activity of Fe II and mainly 1,8-cineol-containing oils. This suggests that more organic matter is potentially bound by additional Fe II in the aqueous phase than without Fe II , and less organic matter may be released into the gas phase for subsequent participation in particle formation. Without the addition of Fe II to the salt lake mixture in experiment C3, strong particle formation and CH 2 homologous series of oligomers are observed. In this case, it is expected that the organic precursors are mainly oxidised in the gas phase by OH and ozone, and competitive reactions in the aqueous phase are negligible.
Aerosol chemical composition
Analysing the chemical composition of aerosol particles formed in experiments C1 to C3 by EDX, Raman spectroscopy and ultrahigh-resolution mass spectrometry may help to evaluate the relative importance of some of the potential particle formation pathways discussed above.
Electron-dispersive X-ray spectroscopy (Fig. 5 ) reveals CaSO 4 and CaCO 3 as the main inorganic species in the aerosol phase. These inorganic species are confirmed by Raman spectroscopy (Fig. 6 ) also indicating the presence of CaSO 4 and CaCO 3 . The Ca 2þ ions appear to originate from impurities in the salt mixture, and further display a phase separation of the involved Ca and Na ions. In addition, in case of the Fe II experiments C2, small contributions of haematite (Fe 2 O 3 ) were identified (Fig. 6) .
However, a large fraction of the collected aerosol particles exhibits secondary organic features, indicating particle formation based on eucalyptol. All inorganic Raman spectra were referenced to the RRUFF database. [56] To characterise significant changes of the precursor oil (derived from Eucalyptus globulus) related to the chemical process during aerosol formation, reference spectra of the eucalyptus oil and its individual components were recorded (Fig. 7) . The main component of the eucalyptus oil used is 1,8-cineol. Further, small contributions of Raman shift (cm Ϫ1 )
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Eucalyptus globulus Fig. 7 . Raman spectra of the organic precursor oil derived from Eucalyptus globulus (black), and reference spectra of 1,8-cineol (red) and limonene (blue).
Intensities (a.u.) limonene were identified. Beside the dominance of the different deformation and stretching vibrations related to C-H species, the ether group of 1,8-cineol is very predominant at 740 cm À1 . Raman spectra were obtained of aerosol particles collected in the C2 experiments (increased Fe II concentrations; Fig. 8 , blue) and C3 (without Fe II ; Fig. 8, black) . The following interpretation of the Raman spectra is based on Socrates.
[57] Many particles exhibit Raman excitations related to CaCO 3 at 1085 and 710 cm À1 . Owing to the position of the Raman shifts of CaCO 3 , the interpretation of the Raman spectra is hampered in these spectral regions. All spectra examined in the present work can be related to organic species, indicated by a predominant C-H stretch vibration. The predominance of the CH 3 group in the reference spectra (Fig. 7) is also present in the Raman spectra of the aerosol particles (Fig. 8) , indicating organic precursors as the main origin of the secondary particles collected. This is also confirmed by the highest number of CHO formula with mainly CH 2 -homologous series as observed in the mass spectra of experiment C3 (Fig. 9a) . Further, the related deformation vibrations at 1430-1450 cm À1 are present. The predominant d(ring) of the ether group (Fig. 7) . The related basic n(C-N) can be found at ,920 cm À1 . Further, the presence of organic sulfate species is demonstrated by the Raman spectra. Organic sulphonates are indicated by n s (SO 2 ) at 1210 cm À1 and n as (SO 2 ) at 1400 cm
À1
, which is masked by the strong n s (CO 2 À ). The related n(C-S) can be found at ,620 cm À1 . More highly oxidised sulfur species, especially sulphonic acid salts, can be found at 1050 (n s (SO 3 ), covered by CaCO 3 , and 1200 (n as (SO 3 )) cm or further C-S species. However, this spectral region is difficult to evaluate owing to the presence of CaCO 3 . Ultrahigh-resolution mass spectra clearly show CH 2 homologous series of CHO compounds in the SOA fraction (Fig. 9) , resulting in very regular CHO profiles in the van Krevelen diagrams and continuity in the entire mass range (Fig. 10a) . The addition of iron directly affects these CHO oligomers, with increasing production of CHOS compounds with iron addition as observed in the total spectra (Fig. 9c) and in the single nominal-mass signatures (Fig. 9d) . Converting all exact masses into thousands of elementary compositions enabled the description of the iron addition in terms of chemical diversity of the compositional space. This is illustrated in Fig. 10b by the number of formulas of specific atomic compositions including CHO, CHOS, CHOCl and others. In a first step, the addition of iron enhances the formation of CHO and generates a series of CHOS and halogenated organic compounds. Further increase in iron (C1 to C2) decreases on average the number of formulas but increases the relative abundance of CHOS and halogenated organic compounds. This is further confirmed when determining the formulas that increase or decrease with addition of iron in the series C3 -C1 -C2 (Fig. 11a, b) . It is interesting to note that particularly the number of less oxidised CHO compounds with low O/C ratios decreases when Fe II is increased, whereas CHOS and halogenated organic compounds appear or increase in intensity.
In general, a larger contribution of oxidised species such as carboxylic acid salts and sulfates is visible in the Raman spectra of the Fe II -enhanced experiment C2 (Fig. 8 , blue spectra) compared with the Fe II -free experiment C3 (Fig. 8, black  spectra) . This larger contribution of CHOS compounds was confirmed by ultrahigh-resolution mass spectrometry (Fig. 9,  10) , and is consistent with an important contribution of the Fenton-like Reaction R1, which causes oxidation of the initial organic precursor in the aqueous phase, and formation of organosulfates potentially by the sulfate radical formed in the aqueous-phase Reaction R2.
With respect to the role of reactive halogen species potentially leading to halogen-induced organic aerosol formation or halogenation reactions of pre-existing organic aerosol, [19] the analysis by Raman spectroscopy remains inconclusive. There are no clear indications for a strong contribution of halogeninduced reactions to NPF in the experiments presented, even though organic compounds and halogen species were simultaneously present. However, halogenated organic compounds were detected by ultrahigh-resolution mass spectrometry (Fig. 10) .
Finally, diaterebic acid acetate and diaterpenylic acid acetate, tracers of OH oxidation of 1,8-cineol, [48] were confirmed in all aerosol samples collected during the chamber experiments series C with ultrahigh-resolution mass spectrometry (Fig. 12) . The fraction of these tracer compounds decreases with the presence of iron, showing their further implication in the formation of sulfur-containing and halogenated species. This indicates that the gas-phase oxidation of the organic precursor compounds always contributed to the particle formation process in our simulation experiments.
Conclusions
In the present study, particle formation was observed in an aerosol chamber above a simulated salt lake mixture containing 1,8-cineol and limonene as organic precursor compounds for SOA formation. By evaluating maximum particle number and volume concentrations, maximum geometric mean diameter and particle growth rates in various chamber experiments (cf. Table 1), the concentration of Fe II in the salt lake mixture was identified to be a key control factor in the intensity of particle formation. In salt lake environments with low pH values and high solar irradiation, Fe II is converted to Fe III in the presence of organic matter in a Fenton-like reaction, which is the main source of highly reactive OH radicals in the aqueous phase. [45] The fact that the variation of Fe II concentrations in the salt lake mixtures affects the intensity of particle formation in our experiments suggests a coupling of aqueous-phase chemistry and particle formation.
Release of 1,8-cineol and limonene from the aqueous phase into the gas phase and subsequent oxidation of 1,8-cineol by OH radicals, [47] and of limonene by ozone and OH radicals, [49] contribute to secondary aerosol formation in the gas phase (Fig. 13) . Water-soluble products formed in the gas phase, e.g. water-soluble oligomers formed during limonene ozonolysis, may be dissolved in the liquid phase and undergo further aqueous-phase oxidation. [50] The detection of diaterebic acid acetate and diaterpenylic acid acetate in aerosols collected in experiments C1-3 confirms particle formation from the oxidation of 1,8-cineol by OH radicals. [48] Fenton-like reactions suggest additional production of OH radicals in the aqueous phase, and consequently, an increased potential for oxidation of the organic precursor compounds in the aqueous phase leading to less-volatile organic compounds (cf. Fig. 13 ). If these lowvolatility compounds are released from the aqueous phase, they may contribute to SOA formation. However, the experiments C1 to C3 show that increased Fe II concentrations reduce the intensity of particle formation observed in the gas phase. The highest particle concentrations were observed when Fe II was excluded from the salt lake mixture (experiment C3). This is Interaction between aqueous-and gas-phase chemistry in a system containing salts and organic matter (OM) under light conditions leading to secondary organic aerosol (SOA) formation. (HaloSOA, halogenated SOA or halogenations of pre-existing secondary organic aerosol; XOA, halogen-induced organic aerosol; VOX, volatile organohalogens; low VOC, low volatile organic compounds; AqSOA, SOA formed in the aqueous phase; Gas SOA, SOA formed in the gas phase.) consistent with recent work by Chu et al., [46] who observed reduced SOA formation in the presence of FeSO 4 in their experiments under wet conditions (50 % relative humidity) in a-pinene-NO x and a-pinene-HONO photooxidation systems. They propose oxidation processes on the wet surface of the SOA layer by OH radicals breaking down the organic oxidation products into smaller molecules, which may be released into the gas phase, thereby reducing the aerosol mass concentration. We suggest that the complexing of organic compounds by irradiated iron oxide, [43] as well as the chelating effect of Fe II on 1,8-cineol as observed by Joshi et al., [48] may also reduce the availability of 1,8-cineol, limonene and their first-generation oxidation products for reactions leading to SOA. The competition of Fe II -controlled aqueous-phase chemistry with secondary aerosol formation in the gas phase led to reduced particle formation in our experiments.
Besides this competitive effect, however, aqueous-phase chemistry expands the potential oxidation pathways of 1,8-cineol and limonene. The presence of Fe II clearly increases the chemical diversity of the organic aerosol (cf. Figs 10, 11 ). For example, formation of sulfate radicals provides an additional oxidant and the potential for organosulfate formation in the aqueous phase. [52] Contributions of organosulfates to particle formation have been found in the mass spectra and Raman spectra of aerosol collected in experiments C2 and C3. Also, ozone in the aqueous phase may react with dissolved chloride to form reactive chlorine species like HOCl. HOCl may either react with dissolved chloride to produce molecular chlorine, which can produce Cl radicals under irradiation once released into the gas phase, or HOCl may react with organic compounds in the aqueous phase to form chlorinated organic matter as observed, e.g. in the formation of chlorinated by-products in drinking-water production. [58] Volatile organohalogens (VOX) may be released into the gas phase. Both pathways are possible sources for atmospheric reactive halogen species, which may oxidise SOA precursors in the gas phase. [19] Halogenated organic compounds were detected unequivocally by ultrahigh-resolution mass spectrometry (Fig. 10) . However, even though dissolved chloride as well as 1,8-cineol and limonene were abundant in our experiments, the formation of halogeninduced organic aerosol (XOA) or halogenation of pre-existing SOA (HaloSOA) as described in Ofner et al. [19] seem to play a minor overall role in NPF in our experiments.
The obvious influence of Fenton-like reactions in the present study emphasises the relevance of the interaction of gas-phase and aqueous-phase chemistry in particle formation. For a better understanding of the relative contributions of these different pathways to particle formation under various atmospherically relevant conditions, more studies have to be carried out analysing systematically the interplay of gas-phase and aqueous-phase chemistry. With respect to Fe II , a more detailed and quantitative analysis of the control of Fe II over competitive aqueous-phase oxidation pathways of organic compounds is a prerequisite to quantitatively assess its influence on atmospheric particle formation.
